Shale water as a by-product obtained by Petrobras, Brazil, during the process of extraction of petroleum from fossil rock may act as an inducer of Systemic Acquired Resistance (SAR) to some plant pathogens. The objective of the present investigation was to verify the effect of seed treatment and foliar application with shale water in inducing SAR of soybean to soybean rust under greenhouse and field conditions. In greenhouse experiments, seed treatment alone with shale water significantly reduced the severity of soybean rust and the control efficiency after 11 and 14 days after inoculation was between 54.1% and 57.8%. Whereas seed treatment and only one foliar application with shale water the control efficiency due to SAR 14 and 11 days after inoculation was between 99.7% and 100%, respectively. Such treatments gave similar results under field experiments where the control efficiency of soybean rust was between 79.0% and 99.35% in shale water treated plots as compared to the untreated plots, in 2015. Consequently, this resulted in yield increase between 14.8% and 28.8% depending upon the seed treatment and foliar applications with shale water alone or in mixture with a fungicide. Seed health testing revealed lower number of seeds infected with some pathogens in treatments where either shale water or fungicide was used. Seed treatment and one foliar application were sufficient to induce SAR against soybean rust. This is the first report to demonstrate SAR of soybean to soybean rust induced by shale water. Patent regarding this investigation is deposited with Petrobras, Brazil, under the number EVP 14/022.
Introduction
Soybean rust caused by the fungus Phakospora pachyrhizi is the most important disease in Brazil, causing heavy yield losses. The disease is partially controlled by use of early maturing varieties and applications of 2 -4 fungicides during the season depending when the disease first appears in the field. In the absence of management practices, the disease can cause yield losses of up to 90%. Total grain losses due to the soybean rust in Brazil may be over US$220.50 per ton [1] . Therefore the use of resistant varieties and crop rotation are recommended to manage the disease [1] [2] . Most of the soybean varieties available for cultivation are susceptible to soybean rust. Some resistant varieties have been identified however the majority are not yet recommended for commercial production. It is possible that the resistance of these varieties varies based on climatic conditions and the aggressiveness of the rust pathotypes. In Brazil, about 38% of the soybean seeds are pirated which limits the use of seeds of resistant varieties [3] . Other than the soybean rust downy mildew caused by Peronospora manshurica could also be economically important in some regions.
One alternative to control the soybean rust could be the induction of Systemic Acquired Resistance (SAR). SAR is associated with accumulation of pathogenesis-related genes (PR genes) in both local and systemic tissues. Durrant and Dong, 2004 [4] have given a comprehensive account of the molecular basis of SAR. They suggest that the SAR induced genes include effector genes that confer resistance as well as regulatory genes such as transcription factors that confer that resistance is long lasting in the plant. Benzothiadiazole as a novel class of inducers of SAR, has been developed commercially as a plant activator, inducing SAR in wheat and conferring systemic protection against powdery mildew [5] [6] . Vigo et al., 2012 [6] reported that chemicals like pyraclostrobin and acibenzolar-S-methyl sprayed on snap bean induced systemic resistance against common bacterial blight caused by Xanthomonas axonopodis pv. phaseoli. In most cases SAR is due to the presence of salicylic acid and is associated with the accumulation of pathogenesis-related proteins [4] [7] [8] . Shale water is obtained during the pyrolytic decomposition of organic material of fissile rock petroleum. There are several reports regarding the use of retorted shale but very few reports are available in the literature about the shale water [9] - [11] . Shale water contains several macro and micro elements including phosphorus and salicylic acid [12] [13]. One hypothesis is that due to the presence of such elements the shale water may act as inducer of SAR against soybean rust. Recently, SAR of cotton, soybean and common bean to Rhizoctonia solani and Sclerotium rolfsii induced by shale water seed treatment was demonstrated [14] . These authors presented strong evidence of SAR induced by shale water seed treatment. For this reason, the objective of this investigation was to verify the effect of seed treatment and foliar applications of shale water on soybean to induce SAR against soybean rust under greenhouse and field conditions.
Materials and Methods

Shale Water
Shale water was obtained from Petrobras (petrochemical extraction industry) located at Irati (São Mateus do Sul), PR, Brazil. Shale water is produced by retorting bitumen shale during the process of pyrolytic decomposition of organic material process known as PETROSIX. It was prepared as described earlier [14] . After distillation of the shale water for one and a half hour the volatile substance is fixed with 4% of Dodecil Sodium Sulfate (also commercially known as Lauryl in Brazil). Later, soybean oil (1%) was added as a spreader and the finished product was stored at room temperature in the dark for further use. The final composition of shale water is also referred as EAX (Extrato Aquoso de Xisto) in Brazil.
In Vitro Test
The effect of shale water on the germination of uredinospores of soybean rust under laboratory conditions was studied. For this purpose a suspension of uredinospores of soybean rust was spread on Petri plates containing water agar with or without shale water (5%). The plates were incubated at room temperature for 16h and were examined under microscope to verify uredinospore germination.
Greenhouse Experiments
Two greenhouse experiments were performed to verify whether shale water induces SAR in a susceptible culti-Y. R. Mehta et al. 2251 var BRS 232 obtained from National Resource Center of Soybean, Embrapa. In both experiments 150 seeds (50 seeds in three replications) were treated with shale water (0.5%) in a plastic bag for two minutes and were sown soon after the treatment in plastic trays (30 × 20 × 12 cm) containing a mixture of soil, sand and compost in equal proportions. The greenhouse temperature was maintained at about 22˚C.
In the first experiment the treatments were: T1-Check (without seed treatment and without foliar application of shale water); T2-Seeds treated with 5% shale water but without foliar application of shale water; T3-Seeds treated with 5% shale water and with one foliar application of shale water (5%) made 24 h before inoculation; T4-Seeds not treated but with one foliar application of shale water (5%) made 24 h before inoculation. Plants were sprayed with equal amount of shale water per tray using a hand sprayer.
The second experiment was similar to the first experiment except that two additional treatments were added: T5-Seeds treated with 5% shale water and two foliar applications with shale water (5%) and, T6-Seeds treated with 5% shale water and three foliar applications of shale water (5%).
Plants of each tray were spray inoculated 25 days after sowing using a urediniospore suspension of 1 × 10 6 uredinospores per ml (50 ml per tray). The inoculated plants were incubated overnight in the dark at 22˚C and almost at 100% humidity and later transferred to the greenhouse. The first foliar spray application of shale water was made 24 h before inoculation. Second and the third foliar sprays were made with an interval of 12 days. Rust pustules were counted 11 to 41 days after inoculation on 10 highly infected trifoliate leaves per treatment. Total leaf area was estimated and the number of rust pustules per cm 2 of the leaf area was determined. The leaf area was estimated using the portable area meter Li-COR, model LI-3000 (LAMDA Instruments Corp., Lincoln, NE). Other parameters to estimate rust such as pustule size and pustule color were not used. Trifoliate leaves showing more than 300 pustules per cm 2 were not considered for pustule counting.
Statistical Analysis
The experimental design of the greenhouse experiments was a randomized blocks with three replications. Data were compared by analysis of variance using Tukey 5%. Control efficiency of soybean rust was calculated by the following formula: 
Field Experiments
Field experiments were conducted at IAPAR, Londrina, PR, Brazil, during 2013-2014 and 2014-2015, using a susceptible soybean cultivar BMX Força. Foliar sprays with shale water were made with a CO 2 backpack sprayer calibrated to deliver 500 ml per plot. The field plots were 10 m 2 and consisted of four rows of 5.0 m long. Experimental design was randomized blocks with five replications.
The treatments were: T1 = Check-without seed treatment and without foliar application; T2 = Seeds treated with shale water (5%) and three foliar applications of shale water (25%); T3 = Seeds treated with shale water and three foliar applications with a mixture of shale water (25%) + piraclostrobin 133 g −l + epoxiconazol 50 g −l ; T4 = Seeds treated with 5% of shale water and three foliar applications of the piraclostrobin 133 g −l + epoxiconazol 50 g −l fungicide alone. Seeds treatment was done with 5% of shale water using 5.0 ml per 100 kg seeds, and were planted soon after the treatment. Piraclostrobin 133 g −l + epoxiconazol 50 g −l (commercially known as Opera in Brazil) is one of the officially recommended fungicides to control soybean diseases in Brazil, and was arbitrarily selected for field experiments. Foliar applications were made with an interval of 12 days starting at first appearance of the rust symptoms 75 days after sowing. In both field experiments no artificial inoculation was made. Disease severity was noted at growth stage R6 [15] by visual assessment of the percentage of the leaf area infected using 10 highly infected trifoliate leaves in a diagonal fashion per plot [16] . The percent increase in yield due to SAR activity in shale water treated plots was calculated using a similar statistical analysis as explained earlier for the greenhouse experiments including the formula for calculation of control efficiency.
Results
In the in vitro test germination of uredinospores was completely inhibited in water agar containing 5% shale Y. R. Mehta et al. 2252 water. There was no inhibition in the control plates (Figure 1) . Only one concentration was used in this test since earlier in vitro studies indicated that for bacterial pathogens 4% shale water and for fungal pathogens 5% shale water completely inhibited the spore germination or growth of these pathogens (unpublished data).
In both greenhouse experiments, shale water seed treatment alone reduced the number of rust pustules that developed 11 and 14 days after inoculation by nearly 50%. This represented control efficiency between 42.2% and 54.5% ( Table 1, Table 2 ). After 28 and 33 days after inoculation the number of rust pustules that developed -Check (without seed treatment and without foliar application of shale water); T2-Seeds treated with 5% shale water but without foliar application of shale water; T3-Seeds treated with 5% shale water and with one foliar application of shale water (5%) made 24 h before inoculation; T4-Seeds not treated but with one foliar application of shale water (5%) made 24 h before inoculation; *** rust inoculation was done 24 h after shale water application; **** Number of rust pustules > 300 per cm 2 was not counted. Treatments with similar letters do not differ (Tukey 5%). -Check (without seed treatment and without foliar application of shale water; T2-Seeds treated with 5% shale water but without foliar application of shale water; T3-Seeds treated with 5% shale water and with one foliar application of shale water (5%) made 24 h before inoculation; T4-Seeds not treated but with one foliar application of shale water (5%) made 24 h before inoculation; T5-Seeds treated with 5% shale water and two foliar applications with shale water (5%); T6-Seeds treated with 5% shale water and three foliar applications of shale water (5%). ** Rust inoculation was done 24 days after sowing; *** The first application of shale water was done 24 h before inoculation, the second and the third applications were done 26 and 34 days after inoculation respectively. Number of rust pustules > 300 per cm 2 was not counted. Treatments with similar letters do not differ. (Tukey 5%, MSD = 33.24).
was much lower when compared to the check. Whereas seed treatment and only one foliar application with shale water the control efficiency of soybean rust was between 99.7% and 100% , respectively ( Table 1, Table 2 ).
No statistical difference was observed between one and three foliar applications with shale water ( Table 2) . Considering the two greenhouse experiments, after 28 -33 days after inoculation the number of rust pustules per cm 2 in the check plants were over 300. In the shale water seed treatment alone the significant reduction in the number of rust pustules could be observed until 41 days after inoculation indicating that the SAR activity was long lasting ( Table 1, Table 2 ). Treatments with one or three foliar applications showed few rust pustules compared to the check. There was no indication of any toxic effect of the seedlings by shale water treatment.
Seed treatment and foliar applications gave similar results in field experiments where the control efficiency of soybean rust was between 89.7% and 99.35% in 2014 and between 79.0% and 96.9% in 2015, as compared to the untreated plots. Consequently this resulted in yield increase between 14.8% and 28.8% in 2015.The control efficiency of soybean rust in treated plots was between 48.7% and 90.0% compared to untreated check. In field experiment conducted during 2013-2014, the severity of soybean rust in check plots was 54.18% whereas in plots with seed treatment and three foliar applications it was only 5.54%, representing control efficiency of 89.7%. Similarly, in the field experiment conducted in 2014-2015, the rust severity in check plots was 63.51% as compared to 14.32% in plots with seed treatment and foliar applications with shale water representing control efficiency of 77.45%. This resulted in yield increase of 14.8% -28.8% as compared with the check plots ( Table  3, Table 4 and Figure 2) . The yield data of 2013-2014 field experiment was lost due to poor environmental conditions during harvest since the plots were destroyed and were not harvested.
It is interesting to note that the use of shale water did not affect protein and oil content of harvested grains according to the grain analysis based on FT-NIR Spectroscopy as suggested by Heil, 2010 [17] (Table 4) . Seed health testing revealed lower number of seeds infected by some pathogens in treatments where either shale water or fungicide was sprayed as compared to the check plots. None of the treatments showed reduction in the number of seeds infected by Cercospora kikuchi ( Table 5 ).
These results demonstrate that seed treatment and a single foliar application with shale water would be sufficient to induce SAR against soybean rust ( Table 1, Table 2 ). Other than the SAR activity shale water offers an additional advantage of inhibiting uredinospores germination of soybean rust (Figure 1) . Table 3 . Effect of seed treatment and foliar application with shale water alone or in combination with fungicide on the percentage of leaf area infected with soybean rust under field experiment conducted during 2013-2014. Table 5 . Soybean seeds of field experiment with application of shale water alone or in combination with fungicide, infected with some major pathogens, seven days after incubation of blotter test. 
Discussion
In field experiment conducted in 2014-2015, seed treatment and three foliar applications with shale water re-sulted in control efficiency of 24.8%. Little higher control efficiency was obtained with foliar applications using pyraclostrobin + epoxiconazol alone or in combination with shale water than shale water applications alone. We did three foliar applications although our greenhouse results were positive even with seed treatment and one foliar application. This is because in the greenhouse experiments we inoculated the plants only once whereas under the natural field conditions the uredinospores are constantly brought by wind increasing thereby the inoculum pressure.
Considering the results of both greenhouse and field experiments, the outstanding point of the present investigation is that the seed treatment and only one foliar application of shale water would provide control of soybean rust.
The cost of three applications of a systemic fungicide for soybean is approximately US$60.00/ha [1] . Since the cost of shale water is not yet released for commercial use in Brazil the cost benefit ratio compared with fungicidal applications cannot be evaluated. Future field experiments are needed using different soybean varieties to verify the minimum number of foliar applications as well as the longest interval between applications to achieve maximum control using shale water alone instead a synthetic fungicide.
Using shale water as a seed treatment and one foliar application on resistant or moderately resistant varieties may be an effective and cheaper alternative for farmers versus using multiple applications of systemic fungicides in Brazil. Consequently this would be a new perspective in reducing the severity of soybean rust epidemics and would help in reducing yield losses.
Different batches of shale water from different mining locations or the same location may have variation in the mineral composition. Besides, it is possible that there may be some factors affecting the properties of shale water including burial depth and the amount and the type of minerals present [18] . Irrespective of such variations, in the present study different batches of shale water from the same location were used during two years of greenhouse and field experimentation and the SAR activity of soybean to soybean rust was always consistent.
Besides, efficiency of the final composition of shale water (EAX) remained stable for over two years period when stored in dark at room temperature. This was determined in the in vitro tests using different batches of EAX originated from the same location considering their ability to inhibit development of Xanthomonas campestris pv. undulosa used as an indicator (unpublished data).
Miazawa and Gonçaçves [12] and Messias, 2011 [19] reported that the shale water contains very low amounts of toxic elements and contains no heavy metals and for this reason its use for foliar application may be safe.
While proteomic and other related studies are needed to conclusively demonstrate the basic mechanism of SAR activity of shale water, in the interim shale water can be used once it is officially recommended for commercial use in Brazil.
In Brazil seed treatment with shale water can be performed in the Seed Processing Units using 0.4 -0.5l per 100 kg of concentrated shale water for large scale producers (>50 ha). However, further research is necessary to verify whether such shale water seed treatment would be effective to induce SAR.
The data of greenhouse and field experiments presented here indicate that the control efficiency of soybean rust was due to a systemic acquired resistance response. In both greenhouse experiments the treatment T4 without seed treatment but with one foliar application with shale water showed enhancement of SAR activity. SAR of common bean, cotton and soybean to R. solani and S. rolfsii induced by shale water seed treatment is recently reported by Mehta et al., 2015 [14] . However this is the first report of SAR of soybean induced by seed treatment and foliar application of shale water. Results obtained in the present investigation would serve as an incentive for future research with shale water. Patent regarding this investigation is deposited with Petrobras, Brazil, under the number EVP 14/022.
Conclusions
1) The reduction in soybean rust severity was due to a systemic acquired resistance response of shale water; 2) Results demonstrated that seed treatment and only one foliar application with shale water were sufficient to induce SAR against soybean rust and consequently reduce yield losses; 3) Results obtained in the present investigation would serve as an incentive for future research with shale water.
